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Description

Technical Field

[0001] The present invention relates to a fructosyl amino acid oxidase (also called fructosylamine oxidase) for use in
a kit and a sensor for the measurement of glycated proteins, such as glycated albumin, fructosyl peptides, HbAlc and
fructosyl valine (FV). More particularly, the present invention relates to a mutant fructosyl amino acid oxidase having
reduced oxidase activity.

Background Art

[0002] A glycated protein is generated non-enzymatically via a covalent bond between an amino group on a protein
and the reducing terminal of a sugar, and is also referred to as an Amadori compound. In blood, glucose is bound to
valine at the N-terminal of the β-chain of hemoglobin to generate glycated hemoglobin (glycohemoglobin; HbAlc). The
abundance ratio of HbAlc to hemoglobin is higher in patients suffering from diabetes mellitus as compared with a normal
healthy individual and the concentration of HbAlc in blood is known to reflect the blood-sugar level during past several
weeks. Thus concentration of HbAlc in blood is quite important in clinical tests for diagnosis of diabetes mellitus and in
blood-sugar control of patients suffering from diabetes mellitus. The HbAlc concentration in blood may be measured
using an enzyme having specificity to fructosyl valine or fructosyl valyl histidine.
[0003] Fructosyl amino acid oxidases have been isolated from various kinds of strains and it has been suggested that
glycated protein such as glycated albumin, HbAlc and fructosyl amino acids may be analyzed using such enzymes (JP
A 61-268,178; JP A 61-280,297; JP A 03-155,780; JP A 05-192,193; JP A 07-289,253; JP A 08-154,672; JP A 2001-95598;
JP A 2003-79386; JP A 2003-235585; Agric. Biol. Chem., 53(1), 103-110, 1989; Agric. Biol. Chem., 55(2), 333-338,
1991; J. Biol. Chem., 269(44), 27297-27301, 1994; Appl. Environ. Microbiol., 61(12), 4487-4489, 1995; Biosci. Biotech.
Biochem., 59(3), 487-491, 1995; J. Biol. Chem., 270(1), 218-224, 1995; J. Biol. Chem., 271(51), 32803-32809, 1996;
and J. Biol. Chem., 272(6), 3437-3443, 1997).
[0004] Fructosyl amino acid oxidase is a FAD-dependent enzyme which catalyzes a reaction where fructosyl amino
acid is oxidized to generate 2-keto-D-glucose and the corresponding amino acid, with generating the reduced form of
FAD (FADH2). FADH2 in turn transmits electron to an electron acceptor and is converted to its oxidized form. In the
presence of oxygen, FADH2 preferentially transmits electrons to the oxygen molecule rather than to artificial electron
acceptors (also referred to asmediators or electron mediators). Thus, when a fructosyl amino acid is assayed by fructosyl
amino acid oxidase with mediators, the assay results will be greatly affected by the dissolved oxygen level in the reaction
system. Such a disadvantage will be particularly noted in clinical tests of blood samples by a point-of-care testing device
utilizing an artificial electron acceptor. The enzyme used for the enzyme sensor strips employing artificial electron
mediators desirably have low activity toward oxygen.
[0005] Accordingly, the object of the present invention is to provide an enzyme, in particular a fructosyl amino acid
oxidase, whose activity is less affected by the dissolved oxygen level.

Disclosure of the Invention

[0006] Generally speaking, the inventors of the present application have been able to provide an enzyme, in particular
a fructosyl amino acid oxidase, whose activity is less affected by the dissolved oxygen level. More specifically, this has
been achieved by reducing the oxidase activity of an enzyme that in its wild-type form predominantly shows an oxidase
activity and by preferably at the same time increasing the enzyme’s dehydrogenase activity. As will be described in more
detail below, this has been achieved by mutating the wild type enzyme.
[0007] The present inventors have prepared various mutants of a fructosyl amino acid oxidase and surprisingly found
that a certain type of mutants exhibit reduced oxidase activity while substantially retaining dehydrogenase activity, in
particular dye-mediated dehydrogenase activity.
[0008] The present invention provides a mutant fructosyl amino acid oxidase modified at a position corresponding to
the position 56 of the amino acid sequence set forth in SEQ ID NO: 1) by substituting the amino acid residue Asn with
an amino acid residue selected from Ala, Cys, Phe, Met, Ser and Val.
[0009] In a preferred embodiment, the mutant fructosyl amino acid oxidase of the invention has a reduced oxidase
activity as compared to the wild-type fructosyl amino acid oxidase, and preferably has an increased dehydrogenase
activity compared to the wild-type fructosyl amino acid oxidase. Preferably, the mutant fructosyl amino acid oxidase of
the invention has an oxidase activity of 30% or less of that of the wild-type fructosyl amino acid oxidase, and preferably
also has a dehydrogenase activity of 50% or more of the wild-type fructosyl amino acid oxidase. Also preferably, the
mutant fructosyl amino acid oxidase of the invention has an increased dehydrogenase activity compared to the wild-
type fructosyl amino acid oxidase.
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[0010] In another preferred embodiment, the mutant fructosyl amino acid oxidase of the invention has the amino acid
sequence selected from the group consisting of SEQ ID NOs: 1-15 wherein the amino acid residue Asn at a position
corresponding to the position 56 of the amino acid sequence set forth in SEQ ID NO: 1 is substituted with an amino acid
residue selected from Ala, Cys, Phe, Met, Ser and Val. Preferably, the mutant fructosyl amino acid oxidase of the
invention has the amino acid sequence set forth in SEQ ID NO: 1 wherein the amino acid residue Asn at the position
56 is substituted with an amino acid residue selected from Ala, Cys, Phe, Met, Ser and Val. Also preferably, the mutant
fructosyl amino acid oxidase of the invention has the amino acid sequence set forth in SEQ ID NO: 2 wherein the amino
acid residue Asn at the position 47 is substituted with an amino acid residue selected from Ala, Cys, Phe, Met, Ser and
Val. Also preferably, the mutant fructosyl amino acid oxidase of the invention has the amino acid sequence set forth in
SEQ ID NO: 3 wherein the amino acid residue Asn at the position 52 is substituted with an amino acid residue selected
from Ala, Cys, Phe, Met, Ser and Val.
[0011] In another aspect, the present invention provides an isolated polynucleotide encoding the mutant fructosyl
amino acid oxidase of the present invention.
[0012] In yet another aspect, the present invention provides a vector comprising the polynucleotide of the invention.
[0013] In still another aspect, the present invention provides a host cell transformed with a vector of the invention.
[0014] In another aspect, the present invention provides a method for assaying a glycated protein in a sample, com-
prising contacting the sample with the fructosyl amino acid oxidase of the invention and measuring the amount of the
glycated protein oxidized by fructosyl amino acid oxidase.
[0015] In still another aspect, the present invention provides a method for assaying HbAlc comprising digesting HbAlc
in a sample to generate fructosyl valine or fructosyl valyl histidine, contacting the fructosyl valine or fructosyl valyl histidine
with the fructosyl amino acid oxidase of the invention, and measuring the amount of oxidized fructosyl valine or fructosyl
valyl histidine.
[0016] In another aspect, the present invention provides a device for assaying fructosyl valine, fructosyl valyl histidine,
HbAlc or fructosyl hexapeptide in a sample comprising the fructosyl amino acid oxidase of the invention and an electron
transfer mediator.
[0017] In yet another aspect, the present invention provides a kit for assaying fructosyl valine, fructosyl valyl histidine,
HbAlc or fructosyl hexapeptide in a sample comprising the fructosyl amino acid oxidase of the invention and an electron
transfer mediator.
[0018] In another aspect, the present invention provides an enzyme electrode having the fructosyl amino acid oxidase
of the invention which is immobilized on the electrode.
[0019] In another aspect, the present invention provides an enzyme sensor for assaying fructosyl valine, fructosyl
valyl histidine, HbAlc or fructosyl hexapeptide comprising the enzyme electrode of the invention as a working electrode.

Brief Description of Drawings

[0020]

Figure 1 shows alignment of the amino acid sequence around N-terminus of some of the eukaryotic FAODs.
Figure 2 shows the reaction system of fructosyl amino acid oxidase.
Figure 3 shows the oxidase and dehydrogenase activity of purified N1-1 FAOD N47A mutant.
Figure 4 shows the oxidase and dehydrogenase activity of crude PnFPOX wild-type and Asn56 mutants.
Figure 5 shows kinetic parameters of PnFPOX Asn56 mutants.
Figure 6 shows the oxidase and dehydrogenase activity of purified PnFPOX N56A mutant.
Figure 7 shows the oxidase and dehydrogenase activity of purified Amadoriase II wild type and N52A mutant.
Figure 8 shows the kinetic parameters of purified Amadoriase II wild type and N52A mutant.
Figure 9 shows assay of FV concentration using electrode having PnFPOX N56A or Wild type FAOD.

Detailed Description of the Invention

[0021] Fructosyl amino acid oxidases (FAOD) are known to exist in various eukaryotic and prokaryotic strains. Table
1 shows some examples of the FAODs isolated or predicted to date.

Table 1 various FAODs

FAOD origin reference SEQ ID NO

PnFPOX Phaeosphaeria nodorum GenBank: XP_001798711.1 1

N1-1 FAOD Pichia sp. N1-1 GenBank: AAP83789.1 2
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[0022] The eukaryotic FAODs may be grouped according to substrate specificity: (i) preference for α-fructosyl amino
acids (FAOD-P, FAOD-U, FPOX-E, FPOX-C, and PnFPOX), (ii) preference for ε-fructosyl amino acids (FAOD-F, FAOD-
A, Amadoriase I, and FAOD-Aol), and (iii) similar activity with both α- and ε-glycated amino acids (Amadoriase II, FAOD-
Ao2, and N1-1 FAOD). In general, FAODs active on α-fructosyl amino acids will be useful in assaying α-fructosyl valine
and HbAlc, and those active on ε-fructosyl amino acid will be useful in assaying ε-fructosyl lysine and glycated albumin.
Those skilled in the art will appreciate that introducing a mutation into the enzyme may alter its preference for α- or ε-
fructosyl amino acid.
[0023] The present invention provides a mutant fructosyl amino acid oxidase modified at a position corresponding to
the position 56 of the amino acid sequence set forth in SEQ ID NO: 1 (PnFPOX) by substituting the amino acid residue
Asn with an amino acid residue selected from Ala, Cys, Phe, Met, Ser and Val.
[0024] The term "mutant" of a protein as used herein refers to a variant protein containing substitution in one or more
of the amino acid residues on the protein at the indicated position (s) . The term mutant is also used for a polynucleotide
encoding such a mutant protein.
[0025] The phrase "a position corresponding to" as used herein means the position of an amino acid residue in a
query amino acid sequence that is aligned with the amino acid residue in a reference amino acid sequence using a
software AlignX of Vector NTI with default parameters (available from Invitrogen; see, Lu, G., and Moriyama, E. N. (2004)
Vector NTI, a balanced all-in-one sequence analysis suite. Brief Bioinform 5, 378-88). Thus, "Asn residue at a position
corresponding to the position 56 of the amino acid sequence set forth in SEQ ID NO: 1" means the Asn residue in a
query amino acid sequence that is aligned with Asn56 of SEQ ID NO: 1 when the query amino acid sequence is aligned
with SEQ ID NO:1 using AlignX of Vector NTI with default parameters. It should be noted that the Asn47 of SEQ ID NO:
1 itself is also encompassed by this term.
[0026] Fig. 1 shows alignment of the amino acid sequence within the conserved region near the N-terminus of some
of the eukaryotic FAODs (FAOD-P from Penicillum janthinelumAKU 3413, FAOD-U from Ulocladium sp. JS-103, FPOX-
E from Eupenicillum terrenum ATCC 18547, FPOX-C from Coniochaeta sp. NISL 9330, PnFPOX from Phaeosphaeria
nodorum, FAOD-F from Fusarium oxysporum NBRC 9972, FAOD-A from Aspergillus terreus GP1, Amadoriases I from
Aspergillus fumigatus, FAOD-Ao1 from Aspergillus oryzae, Amadoriases II from Aspergillus fumigatus, FAOD-Ao2 from
Aspergillus oryzae and N1-1 FAOD from Pichia sp. N1-1). The entire sequence of these FAODs are set forth in SEQ
ID NOs: 1-12. Alignment was created using AlignX apllication of Vector NTI suite 6.0. The arrowhead indicates the
residues corresponding to the Asn47 of N1-1 FAOD. The number in the parentheses indicates the position of the leftmost
"P" of Fig. 1 in each amino acid sequence represented by the SEQ ID NOs. Those skilled in the art will appreciate that
another alignment software programs such as Blast will provide the same or substantially the same alignment.
[0027] It is evident from Fig. 1 that the amino acid sequences in the region containing Asn47 of N1-1 FAOD are highly
conserved among eukaryotic FAODs. Accordingly, a person skilled in the art can easily identify the Asn residue corre-
sponding to the Asn47 of N1-1 FAOD within the conserved region using any of commercially available software programs
for sequence alignment, and understand that a mutant fructosyl amino acid oxidase is easily prepared by introducing
modification on that Asn residue.
[0028] In another preferred embodiment, the mutant fructosyl amino acid oxidase of the invention has the amino acid
sequence selected from the group consisting of SEQ ID NOs: 1-15 wherein the amino acid residue Asn at a position
corresponding to the position 56 of the amino acid sequence set forth in SEQ ID NO: 1 is substituted with an amino acid

(continued)

FAOD origin reference SEQ ID NO

Amadoriases II Aspergillus fumigatus GenBank: AAC49711.1 3

FAOD-P Penicillum janthinelum AKU 3413 GenBank: CAA70219.1 4

FAOD-U Ulocladium sp. JS-103 GenBank: BAE93140.1 5

FPOX-E Eupenicillum terrenum ATCC 18547 GenBank: BAD00185.1 6

FPOX-C Coniochaeta sp. NISL 9330 GenBank: BAD00186.1 7

FAOD-F Fusarium oxysporum NBRC 9972  JP A 10-201473 8

FAOD-A Aspergillus terreus GP1 GenBank: CAA70218.1 9

FAOD-Ao1 Aspergillus oryzae GenBank: BAD54824.1 10

Amadoriases I Aspergillus fumigatus GenBank: AAB88209.1 11

FAOD-Ao2 Aspergillus oryzae GenBank: BAD54825.1 12
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residue selected from Ala, Cys, Phe, Met, Ser and Val. Preferably, the Asn residue is substituted with Ala.
[0029] In a preferred embodiment, the mutant fructosyl amino acid oxidase of the invention has the amino acid sequence
set forth in SEQ ID NO: 1 (PnFPOX) wherein the amino acid residue Asn at the position 56 is substituted with an amino
acid residue selected from Ala, Cys, Phe, Met, Ser and Val. Preferably, the Asn residue is substituted with Ala. In another
preferred embodiment, the mutant fructosyl amino acid oxidase of the invention has the amino acid sequence set forth
in SEQ ID NO: 2 (N1-1) wherein the amino acid residue Asn at the position 47 is substituted with an amino acid residue
selected from Ala, Cys, Phe, Met, Ser and Val. In yet another preferred embodiment, the mutant fructosyl amino acid
oxidase of the invention has the amino acid sequence set forth in SEQ ID NO: 3 (AmadoriaseII) wherein the amino acid
residue Asn at the position 52 is substituted with an amino acid residue selected from Ala, Cys, Phe, Met, Ser and Val.
[0030] The mutant fructosyl amino acid oxidase of the invention exhibit decreased oxidase activity while substantially
retaining dehydrogenase activity. Fig. 2 illustrates the reaction scheme of fructosyl amino acid oxidase.
[0031] As used herein "oxidase activity" is an enzymatic activity (Vmax) of the fructosyl amino acid oxidase to catalyze
oxidation of fructosyl amino acid to generate 2-keto-D-glucose and the corresponding amino acid with utilizing oxygen
as an electron acceptor. The oxidase activity may be assayed by measuring the amount of generated H2O2 by any
methods known in the art, for example, by reagents for H2O2 detection such as 4AA/TODB/POD (4-aminoantipyrine/N,
N-Bis(4-sulfobutyl)-3-methylaniline disodium salt/horseradish peroxidase) or by Pt electrode. As used herein in the
context of the relative or quantitative activity, the oxidase activity is specifically defined to be the mole amount of the
substrate (fructosyl amino acid ) oxidized per unit time measured by the amount of generated H2O2 at 25 °C in 10 mM
PPB, pH 7.0, 1.5 mM TODB, 2 U/ml horseradish peroxidase (POD), and 1.5 mM 4-aminoantipyrine (4AA). The formation
of quinoneimine dye may be measured spectrophotometrically at 546 nm.
[0032] As used herein, "dehydrogenase activity" is an enzymatic activity (Vmax) of the fructosyl amino acid oxidase
to catalyze oxidation of fructosyl amino acid to generate 2-keto-D-glucose and the corresponding amino acid with utilizing
an electron mediator other than oxygen as an electron acceptor. The dehydrogenase activity may be assayed by meas-
uring the amount of electron transferred to the mediator using, for example, mPMS/DCIP (1-methoxy-5-methylphena-
zinium methylsulfate/2,6-dichloroindophenol), cPES (trifluoro-acetate-1-(3-carboxy-propoxy)-5-ethyl-phenanzin ium, NA
BM31_1144 (N,N-bis-(hydroxyethyl)-3-methoxy-nitrosoaniline hydrochloride, NA BM31_1008 (N,N-bis-hydroxyethyl-4-
nitrosoaniline) and N-N-4-dimethyl-nitrosoaniline.
[0033] As used herein in the context of the relative or quantitative activity, the dehydrogenase activity is specifically
defined to be the mole amount of the substrate (fructosyl amino acid ) oxidized per unit time measured by the amount
of electron transferred to the mediator at 25 °C in 10 mM PPB (pH 7.0), 0.6 mM DCIP, and 6 mM methoxy PMS (mPMS).
[0034] The mutant fructosyl amino acid oxidase of the invention has a reduced oxidase activity as compared to the
wild-type fructosyl amino acid oxidase, while substantially retaining the dehydrogenase activity.
[0035] Preferably, the mutant fructosyl amino acid oxidase of the invention has an oxidase activity of 50% or less of
that of the wild-type fructosyl amino acid oxidase. More preferably, the mutant fructosyl amino acid oxidase of the
invention has an oxidase activity of 40% or less, more preferably 30% or less, even more preferably 20% or less, most
preferably 15% or less of that of the wild-type fructosyl amino acid oxidase. Also preferably, the mutant fructosyl amino
acid oxidase of the invention has a dehydrogenase activity of 50% or more of the wild-type fructosyl amino acid oxidase.
More preferably, the mutant fructosyl amino acid oxidase of the invention has a dehydrogenase activity of 70% or more,
more preferably 90% or more, even more preferably 100% or more, most preferably more than 100% of the wild-type
fructosyl amino acid oxidase.
[0036] In the wild-type fructosyl amino acid oxidase, the oxidase activity and dehydrogenase activity is in a comparable
level, with the ratio of dehydrogenase/oxidase activity is between about 0.8 to 1.2. When dissolved oxygen is present
in the assay system, the electron generated by the oxidation of the substrate will be preferentially transferred to the
oxygen. Thus the enzyme activity measured in the presence of electron mediator will be greatly affected by the dissolved
oxygen concentration. In contrast, the mutant fructosyl amino acid oxidase of the invention has the ratio of dehydrogenase/
oxidase activity of about 2.0 or more, preferably 4.0 or more, more preferably 10 or more, even more preferably 20 or
more, most preferably 40 or more. Since the dehydrogenase activity exceed the oxidase activity, the enzyme activity of
the fructosyl amino acid oxidase of the present invention will be less affected by the dissolved oxygen concentration,
which is advantageous in utilizing the fructosyl amino acid oxidase in clinical diagnosis with a blood sample.
[0037] In another aspect, the present invention provides an isolated polynucleotide encoding the mutant fructosyl
amino acid oxidase of the present invention. The nucleotide sequence of polynucleotides coding for fructosyl amino acid
oxidase may be easily obtained from public databases. The polynucleotide encoding the wild type fructosyl amino acid
oxidase may be cloned from the genome of respective organisms using PCR or other known techniques. Mutations may
be introduced by site-directed mutagenesis, PCR mutagenesis or any other techniques well known in the art. The Asn
residue to be mutated may be identified using any of softwares for sequence alignment available in the art. Alternatively,
polynucleotide coding for the mutant fructosyl amino acid oxidase may be prepared by PCR using a series of chemically
synthesized oligonucleotides, or fully synthesized.
[0038] The mutated fructosyl amino acid oxidase may be prepared by inserting the mutant gene into an appropriate
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expression vector and introducing the vector into an appropriate host cell, such as E. coli cells. The transformant is
cultured and the fructosyl amino acid oxidase expressed in the transformant may be collected from the cells or culture
medium.
[0039] The recombinant fructosyl amino acid oxidase thus obtained may be purified by any of the purification techniques
known in the art, including ion exchange column chromatography, affinity chromatography, liquid chromatography,
filtration, ultrafiltration, salt precipitation, solvent precipitation, immunoprecipitation, gel electrophoresis, isoelectric elec-
trophoresis and dialysis.
[0040] Thus, the present invention also encompasses a vector comprising the polynucleotide encoding the mutant
fructosyl amino acid oxidase, a host cell transformed with such a vector, and a method for preparing the mutant fructosyl
amino acid oxidase of the invention by culturing the transformant, collecting and purifying the mutant fructosyl amino
acid oxidase from the culture.
[0041] The invention also encompasses a method for assaying a glycated protein in a sample. The method comprises
contacting the sample with the fructosyl amino acid oxidase of the invention and measuring the amount of the glycated
protein oxidized by the fructosyl amino acid oxidase. Glycated proteins assayed by the present invention include, for
example, fructosyl valine, fructosyl valyl histidine, HbAlc, fructosyl hexapeptide, glycated albumin and otherfructosyl
amino acids. In still another aspect, the present invention provides a method for assaying HbAlc comprising digesting
HbAlc in a sample to generate fructosyl valine, contacting the fructosyl valine with the fructosyl amino acid oxidase of
the invention, and measuring the amount of oxidized fructosyl valine.
[0042] In another aspect, the present invention provides a device for assaying fructosyl valine, fructosyl valyl histidine,
HbAlc, fructosyl hexapeptide or glycated albumin in a sample comprising the fructosyl amino acid oxidase of the invention
and an electron transfer mediator.
[0043] The assay device may have a similar structure as any of conventional, commercially available amperometric
biosensor test strips for monitoring the blood glucose level. One example of such a device has two electrodes (working
electrode and reference or counter electrode) positioned on a insulating substrate, a reagent port and a sample receiver.
The reagent port contains the mutated fructosyl amino acid oxidase of the invention and a mediator. When a sample
such as blood sample is added to the sample receiver, fructosyl amino acid contained in the sample will react with
fructosyl amino acid oxidase to generate current, which is indicative of the amount of fructosyl amino acid in the sample.
Typical examples of electrochemical sensors suited for the determination of enzyme substrates are known, e.g. from
WO 2004/113900 and US 5,997,817. As an alternative to electrochemical sensors, optical detection technologies might
be used. Typically, such optical devices are based on color changes that occur in a reagent system comprising the
enzyme, an electron transfer mediator and an indicator. The color changes can be quantified using fluorescence, ab-
sorption or remission measurements. Typical examples of optical devices suited for the determination of enzyme sub-
strates are known, e.g. from US 7,008,799, US 6,036,919, and US 5,334,508.
[0044] In yet another aspect, the present invention provides a kit for assaying fructosyl valine, fructosyl valyl histidine,
HbAlc or fructosyl hexapeptide in a sample comprising the fructosyl amino acid oxidase of the invention and an electron
transfer mediator.
[0045] A kit for the measurement of fructosyl valine or fructosyl valyl histidine may be constructed using the enzyme
of the present invention. In addition to the fructosyl amino acid oxidase of the invention, the kit contains buffer necessary
for the measurement, appropriate mediator and, if necessary, enzymes such as peroxidase, standard solution of fructosyl
valine or fructosyl valyl histidine or a derivative thereof for the preparation of a calibration curve and an instruction for
use. The fructosyl amino acid oxidase of the present invention may be provided in various forms, for example, as a
freeze-dried reagent or as a solution in an appropriate storage solution.
[0046] It is also possible to construct glycated albumin, HbAlc or fructosyl hexapeptide assay kit using the enzyme of
the present invention. Glycated albumin, HbAlc or fructosyl hexapeptide is enzymatically or chemically digested to
generate a fructosyl amino acid or a fructosyl peptide, such as fructosyl valine, fructosyl valyl histidine and fructosyl
hexapeptide, which in turn is quantified using the fructosyl amino acid oxidase of the present invention. In this way,
glycated albumin, HbAlc or fructosyl hexapeptide may be assayed. Accordingly, the assay kit of the present invention
for glycated albumin, HbAlc or fructosyl hexapeptide may further contain a reagent for hydrolysis or protease in the
above-mentioned kit for measurement of fructosyl valine or fructosyl valyl histidine.
[0047] In another aspect, the present invention provides an enzyme electrode having the fructosyl amino acid oxidase
of the invention which is immobilized on the electrode.
[0048] In another aspect, the present invention provides an enzyme sensor for assaying fructosyl valine, fructosyl
valyl histidine, HbAlc or fructosyl hexapeptide comprising the enzyme electrode of the invention as a working electrode.
[0049] The concentration of the fructosyl amino acid in a sample may be determined by measuring the amount of
electron generated by the enzyme reaction. Various sensor systems have been known in the art, including carbon
electrode, metal electrode, and platinum electrode. The mutated fructosyl amino acid oxidase of the present invention
is immobilized on the electrodes. Examples of the means for immobilization include cross-linking, encapsulating into a
macromolecular matrix, coating with a dialysis membrane, optical cross-linking polymer, electroconductive polymer,



EP 2 287 295 A1

7

5

10

15

20

25

30

35

40

45

50

55

oxidation-reduction polymer, and any combination thereof.
[0050] When measurement is conducted in an amperometric system using carbon electrode, gold electrode or platinum
electrode provided with an immobilized enzyme is used as a working electrode, together with a counter electrode (such
as platinum electrode) and a reference electrode (such as Ag/AgCl electrode). The electrodes are inserted into a buffer
containing a mediator and kept at predetermined temperature. Predetermined voltage is applied to the working electrode,
then a sample is added and increased value in electric current is measured. Examples of the mediator used in the assay
include potassium ferricyanide, ferrocene, osmium derivative, ruthenium derivative, phenazine methosulfate, etc. It is
generally also possible to use so-called two-electrode systems with one working electrode and one counter or pseudo-
reference electrode.
[0051] Further, fructosyl amino acid may be assayed using a immobilized electron mediator in an amperometric system
using carbon electrode, gold electrode, or platinum electrode. The enzyme is immobilized on the electrode together with
an electron mediator such as potassium ferricyanide, ferrocene, osmium derivative, phenazine methosulfate in a mac-
romolecular matrix by means of adsorption or covalent bond to prepare a working electrode. It is inserted into buffer
together with a counter electrode (such as platinum electrode) and a reference electrode (such as Ag/AgCl electrode),
and kept at a predetermined temperature. Predetermined voltage is applied to the working electrode, then the sample
is added and increased value in electric current is measured.
[0052] To prepare a sensor for the measurement of glycated albumin, HbAlc or fructosyl hexapeptide, the above-
mentioned sensor for the measurement of fructosyl amino acid is further combined with a membrane containing immo-
bilized proteinase (such as protease) to construct a complex sensor. The structure of such a complex sensor based on
a continuous reaction by a combination of plural enzymes is well known in the art. See, for example, "Biosensor -
Fundamental and Applications" by Anthony P. F. Tuner, Isao Karube and George S. Wilson, Oxford University Press,
1987.
[0053] Contents of all patents and reference documents cited in the present specification are entirely incorporated
herein by reference.

Examples

[0054] The present invention will be illustrated in detail by way of the Examples below, although the present invention
shall not be limited to those Examples.

Example 1

Preparation and characterization of N1-1 FAOD mutants

[0055] The study of structure-function relationship of Monomeric Sarcosine Oxidase (MSOX) revealed that the Proton
Relay System (PRS) involved in transferring electron from FAD to oxygen is comprised of Thr48 and Lys 265 with four
H2O molecules (Trickey et al, Structure, 7, 331-345, 1999). The active site of fructosyl amino acid oxidase from Pichia
sp. N1-1 strain (N1-1 FAOD, SEQ ID NO: 2) has high homology with MSOX, especially in conserved residues which
are predicted to be responsible for the Proton Relay System.
[0056] A predicted structural model of N1-1 FAOD was constructed using the MSOX structure, and the amino acid
residues Asn44, Ser46, Asn47, Lys48 and Lys269 were predicted to be involved in proton and electron transfer from
FAD. Single or double mutations were introduced into those amino acid residues with the aim of modifying the electron
acceptor availability of N1-1 FAOD.
[0057] Expression vectors of N1-1 FAOD single mutants were created by site-directed mutagenesis using Quick-
Change(R) method (Stratagene) with the N1-1 FAOD wild type gene as a template. Primers were designed to introduce
mutation at Asn44, Ser46, Asn47, Lys48 or Lys269. The amplified products were digested by Dpn I and transformed
into E. coli DH5α and incubated in LB agar medium (50 Pg/ml Kanamycin) at 37 °C, overnight. The mutated sequences
of the clones were verified with ABI Prism BigDye Terminator cycle sequencing kit v3.0 on an ABI Prism 3130 Genetic
Analyzer. Then, extracted plasmids were digested with Nco I and Sal I and ligated into the pET28 (a) vector which was
digested with Nco I and Sal I. E. coli BL21(DE3) cells transformed with the ligation mixtures were incubated in LB agar
medium (50 Pg/ml Kanamycin) at 37 °C, overnight. Double mutants were created by combination of the primers using
the same method.
[0058] Escherichia coli BL21 (DE3) cells harboring expression vectors of N1-1 FAOD mutants were grown in 150 ml
of LB medium containing 50 Pg/ml kanamycin at 37 °C. After reaching an A660 value of 0.6, 0.3 mM IPTG was added
and incubated at 25 °C for additional 5 hours. The cells were collected by centrifugation and washed twice with 0.85 %
NaCl.aq. Then, the cells were resuspended in 10mM Potassium Phosphate Buffer (PPB) pH 7.0 and lysed by ultrasonic
homogenizer. The lysate was centrifuged at 10,000 x g, 4 °c for 10 min, and the supernatant was centrifuged at 50, 000
rpm, 4 °C for 60 min, then the supernatant was dialyzed against 10 mM PPB (pH 7.0). The oxidase activity was assayed
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at 25 °C in 10 mM PPB, pH 7.0, 1.5 mM TODB, 2 U/ml horseradish peroxidase (POD), and 1.5 mM 4-aminoantipyrine
(4AA) in the presence of substrates (0.2, 0.5, 0.75, 1, 2, 5 mM f-αVal or 5 mM f-αVal-His ). The formation of quinoneimine
dye was measured spectrophotometrically at 546 nm. The dehydrogenase activity was assayed at 25 °C in 10 mM PPB
(pH 7.0), 0.6mM DCI P, and 6 mM methoxy PMS (mPMS) in the presence of substrates (0.2, 0.5, 1, 2, 5 mM f-αVal or
5 mM f-αVal-His).
[0059] In most cases, the oxidase activity was completely or substantially lost, but several mutants, such as N47A,
S46A, K48A and N44A, showed relatively high activity. Among them, N47A showed the most remarkable feature.
Although the oxidase activity of N47A decreased to about 20 % of the wild type activity, the dehydrogenase activity of
N47A remained more than 60 % of the wild type activity. Consequently, N47A showed about 4 times higher dehydrogenase
activity than oxidase activity. This feature of N47A should be beneficial in a sensor strip employing fructosyl amino acid
oxidase with an artificial electron acceptor. The kinetic parameters of crude preparations of wild type N1-1 FAOD and
N47A mutant are shown in Table 2.

Example 2

Purification of N1-1 Wild Type and N47A mutant FAOD

[0060] The recombinant FAOD was purified as follows. First, a water-soluble fraction containing the enzyme was
prepared from recombinant Escherichia coli. E. coli containing the expression vector was cultured in 7L LB medium
(37°C, in 10L fermenter, 50 Pg/ml ampicillin), then the expression was induced with IPTG (final concentration: 0.3 mM)
at about OD660 = 0.7 and culture temperature was lowered to 30°C. The cells were suspended in 100 mM PPb (pH 7.0)
and disrupted four times using a French press. The supernatant liquid was subjected to ultracentrifugation (40, 000 g,
90 minutes) and the supernatant was dialyzed against 10 mM PPb (pH 7.0) at 4°C overnight to prepare a water-soluble
fraction.
[0061] The water-soluble fraction was further subjected to a liquid chromatography to prepare a purified enzyme. The
enzyme was further purified with an anion-exchange chromatography (DEAE-5PW). The water-soluble fraction was
adsorbed to an anion-exchange chromatography column DEAE-5PW (5.0 mm I. D. x 5 cm, Tosoh) equilibrated with 10
mM PPb (pH 7.0). After equilibration with 10 mM PPb (pH 7.0) in a 3-fold amount of the column volume, FAOD was
eluted with 10 mM PPb (pH 7.0) containing 0.7 M of NaCl. The flow rate was set to 1 ml/min and eluate was collected
every one minute. Absorption wavelength of 280 nm was used to monitor eluate.
[0062] The active fraction was separated using 35% ammonium sulfate and the supernatant liquid was subjected to
hydrophobic chromatography. The active fraction was adsorbed to a hydrophobic chromatography column Resource
Phe (1 ml, Pharmacia) equilibrated with 10 mM PPb (pH 6.5) containing 35% ammonium sulfate. After equilibration with
10 mM PPb (pH 6.5) containing 35% ammonium sulfate in a 3-fold amount of the column volume, FAOD was eluted
with 10 mM PPb (pH 6.5). The flow rate was set to 2 ml/min and eluate was collected every one minute. The active
fraction was separated with 45% ammonium sulfate, then the precipitate was dissolved in 10 mM PPb (pH 7.0) containing
1% mannose and 100 PM FAD and dialyzed against the same buffer at 4°C for 6 hours. It was further dialyzed against
10 mM PPb (pH 8.0) containing 100 PM FAD at 4°C for 6 hours. The dialyzed sample was used for the next anion-
exchange chromatography.
[0063] The sample was adsorbed to an anion-exchange chromatography column Bioasit Q (4.6 mm. I. D. x 5 cm,
Tosoh) equilibrated with 10 mM PPb (pH 8.0). After equilibration with 10 mM PPb (pH 8.0) in a 3-fold amount of the
column volume, FAOD was eluted with 10 mM PPb (pH 7.0) containing 0.3M NaCl. The flow rate was set to 1 ml/min
and eluate was collected every one minute. The active fraction was dialyzed against 10 mM PPb (pH 7.0) at 4°C overnight.
Degree of purification of the sample was examined by SDS/PAGE. The sample was subjected to electrophoresis using
Phast Gel 8-25, and the gel was stained with silver. Sample preparation, electrophoresis and staining was conducted
in accordance with the manual attached to Phast System™.
[0064] The oxidase and dehydrogenase activity of the purified enzymes were measured as in Example 1 and shown
in Fig. 3. The kinetic parameters are shown in Table 3.

Table 2 Kinetic parameters of crude preparation of N1-1 FAOD mutant and WT

4AA/TODB/POD mPMS/DCIP

Km (mM) Vmax
A (U/Mg) Vmax/Km Km (mM) Vmax

B (U/mg) Vmax/Km B/A

WT 2.64 0.71 0.26 3.22 0.60 0.190 1.2

N47A 1.42 0.11 0.07 9.13 0.82 0.09 7.5
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Example 3

Preparation of PnFPOX mutants

[0065] Mutants derived from fructosyl amino acid oxidase from Phaeosphaeria nolorum (PnFPOX , SEQ ID NO: 1)
were prepared and characterized.
[0066] Based on the alignment of N1-1 FAOD and PnFPOX (Fig. 1) and the results from Examples 1 and 2, Asn56
was predicted to be involved in proton and electron transfer from FAD. Various mutations were introduced into Asn56
with the aim of modifying the electron acceptor availability of the PnFAOD.
[0067] Mutations were introduced using site-directed mutagenesis as in Example 1, and BL21 (DE3) cells were trans-
formed with an expression vector containing wild-type or mutant PnFPOX. The cultured cells were resuspended in 10
mM PPB, pH 7.0, and lysed by sonication. The lysate was centrifuged at 10,000g at 4 °C for 20 min, and the supernatant
was centrifuged at 50,000 rpm at 4 °C for 60 min. The oxidase and dehydrogenase activities were measured as in
Example 1.
[0068] Activities of crude PnFPOX wild-type and Asn56 variants are summarized in Fig. 4. Most of Asn56 mutants
showed drastic decreases in their oxidase activities (< 20 % of wild-type), except for Asn56Ser, which showed relatively
high oxidase activity (41 % of wild-type). Among them, some variants (Asn56Cys, Phe, Met, Val) showed relatively high
dehydrogenase activities (> 60% of wild-type), even higher than wild-type in Asn56Cys and Asn56Met. Kinetic parameters
of Asn56 mutants are summarized in Fig. 5. Asn56Met and Asn56Val showed higher Vmax dehydrogenase (B) / Vmax
oxidase (A) than Asn56Ala. Asn56Asp, Glu, and Pro lost both oxidase and dehydrogenase activities.

Example 4

Purification of PnFPOX N56A mutant

[0069] BL21 (DE3) transformed with pEPN(pET28a-PnFPOX)-N56A was grown aerobically at 37 °C in LB medium
(2 1) containing 50 Pg kanamycin ml-1. After reaching an A660nm value of 0.6, the cells were induced with 0.3 mM
IPTG, and the incubation was continued at 25 °C for 5.5 hours. The cells were harvested by centrifugation and resus-
pended in 10 mM PPB, pH 7.0, and lysed by 3 passages through a French press (1,000 kg cm-2). The lysate was
centrifuged at 10,000g at 4 °C for 20 min, and the supernatant was centrifuged at 50,000 rpm at 4 °C for 60 min. The
supernatant was then dialyzed against 10 mM PPB, pH 8.0, containing 25 PM FAD, and the crude enzyme solution was
further purified.
[0070] Ammonium sulfate was added to the dialyzed supernatant to 35% saturation and then the precipitate formed
was pelleted by centrifugation at 15,000g for 20 min. The supernatant to which ammonium sulfate was added to 65 %
saturation was centrifuged at 15,000 g for 20 min. The resultant precipitate was dissolved in 10mM PPB, pH 8.0,
containing 25 PM FAD and 1% mannose and dialyzed at 4 °C against the same buffer, and subsequently dialyzed
against 10 mM PPB, pH 8.0, containing 25 PM FAD. The dialyzed enzyme solution was applied to a RESOURCE Q
column (GE Healthcare) equilibrated with 10 mM PPB, pH 8.0. The active flow-through fractions were collected, and
adsorbed proteins that showed no FAOD activities were eluted with a 1 M NaCl. The active flow-through fractions were
collected and dialyzed against 10 mM PPB, pH 7.0. The dialyzed enzyme solution was applied to a HiLoad 16/60
Superdex 75 pg column (GE Healthcare) equilibrated with 10 mM PPB, pH 7.0. Gel filtration chromatography was carried
out with the same buffer. The active fractions were collected, and the purified enzyme solution was dialyzed against 10
mM PPB, pH 7.0 containing 100 PM FAD, and stored at 4 °C. The purity of the purified enzyme was confirmed by SDS-
PAGE, and the concentration was measured using a DC Protein Assay Kit (Bio-Rad, CA, USA). The results are shown
in Table 4.

Table 3 Kinetic parameters of purified N1-1 FAOD WT and mutant N47A

4AA/TODB/POD mPMS/DCIP

Km (mM) Vmax
A (U/mg) Vmax/Km Km (mM) Vmax

B (U/mg) Vmax/Km B/A

WT 4.8 9.3 (100%) 1.9 4.6 9.8 (100%) 2.1 1.1 (100%)

N47A 2.2 1.4 (15%) 0.64 6.2 6.0 (61 %) 0.97 4.3 (391%)
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[0071] The oxidase and dehydrogenase activities of the N56A mutant FAOD were measured. The SV curve and the
kinetic parameters of the mutant FAOD are shown in Fig. 6 and Table 5, respectively. In Fig. 6, the left graph shows the
activity in the substrate concentration of 0-5mM, and the right graph is a magnified view for the substrate concentration
of 0-2mM. The N56A mutant showed significantly increased dehydrogenase activity toward both substrates.

Example 5

Preparation and characterization of Amadoriase II FAOD mutants

[0072] Mutants derived from Amadoriase II (SEQ ID NO: 3) were prepared and characterized. Based on the alignment
of N1-1 FAOD and Amadoriase II (Fig. 1) and the results from Examples 1-4, Asn52 was predicted to be involved in
proton and electron transfer from FAD. A mutant having Asn52Ala mutation was prepared according to the method
described in Example 1.
[0073] BL21 (DE3) cells were transformed with an expression vector containing Amadoriase II wild-type or N52A
mutant. The cultured cells were harvested and resuspended in 10 ml of 10 mM PPB, pH 7.0, and lysed by 2 passages
through a French press (1,000 kg cm-2). The lysate was centrifuged at 10,000g at 4 °C for 20 min, and the supernatant
was centrifuged at 50,000 rpm at 4 °C for 60 min. The supernatant was then dialyzed against 10 mM PPB, pH 8.0,
containing 25 PM FAD to prepare a crude enzyme solution. The crude preparation was purified by ammonium sulfate
precipitation, anion exchange chromatography (RESOURCE Q column (GE Healthcare)), and gel filtration chromatog-
raphy (HiLoad 16/60 Superdex 75 pg column (GE Healthcare)).
[0074] The FAOD activity was assayed using 4AA/TODB/POD (oxidase activity) and PMS/DCIP (dehydrogenase
activity) with f-αVal as a substrate. The results are shown in Fig. 7.
[0075] Kinetic parameters of purified Amadoriase II wild-type and Asn52Ala are summarized in Fig. 8. The mutant
N52A showed about 2 times higher dehydrogenase activity than oxidase activity.

Example 6

Construction of biosensor

[0076] 40 mU/5 Pl of either PnFPOX wild type or N56A PnFPOX solution was mixed with 2 % of AWP solution. 5 ul
of the mixture was applied on re-usable gold electrode (surface area: 7 mm2) and dried up for 30 min at 30 °C. The
electrode was irradiated with UV-light for 1 min to prepare an electrode having the wild type or N56A FPOX immobilized.
The electrode was immersed in a 2 ml PBS (pH 7.4) solution with 2 mM nitrosoaniline (NA; known from p. 33 ff. of WO
2004/113900). Then, +200mV vs ∆g/AgCl was applied, and the current was monitored. When the steady state current
was observed, sample solution containing different concentration of FV was added to the reaction mixture, and current

Table 4 Purification of recombinant PnFPOX N56A

Stage Total activity Total Protein Specific Activity Purification Yield
(U) (mg) (U/mg) (Fold) (%)

Soluble fraction 95.4 566 0.17 1 100
Ammonium Sulfate 75.5 340 0.22 1.32 79

Resource Q 37.4 21.9 1.7 10.1 39
HiLoad 1 23.7 5.12 4.6 27.5 25

Substrabe was 1 mM f-αVal.

Table 5 Kinetic parameters of purified PnFPOX N56A mutant

Substrate 4AA/TODB/POD mPMS/DCIP

Km (mM) Vmax (U/mg) Vmax/Km Km (mM) Vmax (U/mg) Vmax/Km

WT f-aVal 0.64 27.6 42.8 1.1 28.0 25

f-αValHis 0.20 2.97 14.7 - - -

N56A f-aVal 0.086 4.39 51.0 1.6 95.1 58.6

f-αValHis 0.092 1.90 20.7 0.074 3.40 45.9
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increase was monitored. For measuring the enzyme activity in the absence of oxygen, Ar gas was continuously purged
into reaction chamber.
[0077] Fig. 9 shows the correlations between FV concentration and current increase of electrode having PnFPOX
N56A or Wild type enzyme, in the presence of oxygen or absence (under Ar gas). The effect of oxygen on the electro-
chemical reaction was observed, but the impact of the presence of oxygen was less than that used Wild type. These
results suggested that the activity of the fructosyl amino acid oxidase of the invention is less affected by the dissolved
oxygen level.

Industrial Applicability

[0078] The mutated fructosyl amino acid oxidase of the invention may be used for the measurement of glycated
proteins, such as hemoglobin (HbAlc) which is clinically useful in diagnosis and control of diabetic conditions.
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Claims

1. A mutant fructosyl amino acid oxidase modified at a position corresponding to the position 56 of the amino acid
sequence set forth in SEQ ID NO: 1 by substituting the amino acid residue Asn with an amino acid residue selected
from Ala, Cys, Phe, Met, Ser and Val.
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2. The mutant fructosyl amino acid oxidase of Claim 1, which has a reduced oxidase activity as compared to the wild-
type fructosyl amino acid oxidase, and has an increased dehydrogenase activity compared to the wild-type fructosyl
amino acid oxidase.

3. The mutant fructosyl amino acid oxidase of Claim 1, which has an oxidase activity of 30% or less of that of the wild-
type fructosyl amino acid oxidase, and has a dehydrogenase activity of 50% or more of the wild-type fructosyl amino
acid oxidase.

4. The mutant fructosyl amino acid oxidase of Claim 1, which has an increased dehydrogenase activity compared to
the wild-type fructosyl amino acid oxidase.

5. The mutant fructosyl amino acid oxidase of Claim 1 having the amino acid sequence selected from the group
consisting of SEQ ID NOs: 1-12 wherein the amino acid residue Asn at a position corresponding to the position 56
of the amino acid sequence set forth in SEQ ID NO: 1 is substituted with an amino acid residue selected from Ala,
Cys, Phe, Met, Ser and Val.

6. The mutant fructosyl amino acid oxidase of Claim 1, which has the amino acid sequence set forth in SEQ ID NO:
1 wherein the amino acid residue Asn at the position 56 is substituted with an amino acid residue selected from Ala,
Cys, Phe, Met, Ser and Val.

7. The mutant fructosyl amino acid oxidase of Claim 1, which has the amino acid sequence set forth in SEQ ID NO:
2 wherein the amino acid residue Asn at the position 47 is substituted with an amino acid residue selected from Ala,
Cys, Phe, Met, Ser and Val.

8. The mutant fructosyl amino acid oxidase of Claim 1, which has the amino acid sequence set forth in SEQ ID NO:
3 wherein the amino acid residue Asn at the position 52 is substituted with an amino acid residue selected from Ala,
Cys, Phe, Met, Ser and Val.

9. An isolated polynucleotide encoding the mutant fructosyl amino acid oxidase of any one of Claims 1-8.

10. A vector comprising the polynucleotide of Claim 9.

11. A host cell transformed with a vector of Claim 10.

12. A method for assaying a glycated protein in a sample, comprising contacting the sample with the fructosyl amino
acid oxidase of any one of Claims 1-8, and measuring the amount of the glycated protein oxidized by the fructosyl
amino acid oxidase.

13. A method for assaying HbAlc comprising digesting HbAlc in a sample to generate fructosyl valine or fructosyl valyl
histidine, contacting the fructosyl valine or fructosyl valyl histidine with the fructosyl amino acid oxidase of any one
of Claims 1-8, and measuring the amount of oxidized fructosyl valine or fructosyl valyl histidine.

14. A device for assaying fructosyl valine, fructosyl valyl histidine, HbAlc or fructosyl hexapeptide in a sample comprising
the fructosyl amino acid oxidase of any one of Claims 1-8 and an electron transfer mediator.

15. A kit for assaying fructosyl valine, fructosyl valyl histidine, HbAlc or fructosyl hexapeptide in a sample comprising
the fructosyl amino acid oxidase of any one of Claims 1-8 and an electron transfer mediator.

16. An enzyme electrode having the fructosyl amino acid oxidase of any one of Claims 1-8 which is immobilized on the
electrode.

17. An enzyme sensor for assaying fructosyl valine, fructosyl valyl histidine, HbAlc or fructosyl hexapeptide comprising
the enzyme electrode of Claim 16 as a working electrode.
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